Background: Interest in airways inflammatory disease has increasingly focused on innate immunity. We investigated several components of innate immunity in induced sputum of patients with cystic fibrosis (CF), COPD, and asthma, and healthy control subjects. Results: CF patient sputum showed greatest increase in IL-8 compared to that of patients with COPD and asthma (which were also greater than control subjects), and elevated levels of TNF-␣ and IL-10 compared to other groups. There were no differences in IFN-␥. CAP18 levels were elevated in CF and COPD patients compared to control subjects, while asthma patients had reduced CAP18 levels. uPA levels were similar but uPAR was elevated in CF and COPD patients more so than in asthma patients, while PAI-1 levels were elevated in all three disease groups. CAP18 localized to neutrophil secondary granules; neutrophils were also sources of IL-8 and PAI-1. CAP18 and PAI-1 negatively correlated with pulmonary function. Conclusion: Induced-sputum innate immune factor levels discriminate inflammatory changes in CF, COPD, and asthma, suggesting potential roles in pathophysiology and as well as providing disease-specific biomarker patterns.
matory bias of the CF epithelia has been posited, [3] [4] and activity of endogenous antimicrobial peptides produced by airway epithelia and glands may be altered in CF. [5] [6] While some epithelial antimicrobials have received much attention in CF, in particular the ␤-defensins, others have not. [7] [8] In particular, the role of the only human cathelicidin, the 18-kd, 140 amino acid cationic antimicrobial protein (human cationic antimicrobial protein 18 [CAP18]), has not been investigated in sputum from patients with CF. It is produced by respiratory epithelia as well as stored in secondary (specific) granules of polymorphonuclear leukocytes, and in a model system restores deficient antimicrobial activity in the CF airway milieu. 9 -10 Proteolytic cleavage of CAP18 by proteinase 3 yields a potent antimicrobial peptide (carboxy terminal 37 amino acid fragment of CAP18). 11 Via its action on the formyl peptide receptor-like 1 expressed on several cell types, carboxy terminal 37 amino acid fragment of CAP18 is also an important regulator of macrophage function; has potent chemotactic activity for neutrophils, monocytes, and T cells; and possesses angiogenesis activity. [12] [13] [14] Abnormalities in CAP18 could therefore profoundly affect the pathophysiology of CF by its ability to link innate to adaptive immunity and its neovascularizing effect.
Another innate defense pathway recently found active in the airway is the plasminogen activator system constituted by its local serine protease activator urokinase-type plasminogen activator (uPA), the uPA-specific cell surface receptor (uPA receptor [uPAR] ) [CD87] , and an arginine-specific serine protease inhibitor (serpin), plasminogen activator inhibitor (PAI)-1. [15] [16] uPA binding to uPAR results in enhanced activation of cell-bound plasminogen with subsequent effects on cell adhesion, chemotactic migration, and tissue remodeling. 16 -20 The uPA system is involved in a number of pathologic states, including inflammation after tissue injury as key participants in the enzymatic modification of the extracellular matrix, resulting in cell recruitment, migration, adhesion, and mitogenesis. 15, 19 In addition to proteolytic activity, plasmin activates metalloproteinases that degrade extracellular matrix. 20 To maintain normal lung function and integrity in the host response, tight control of the proteolytic enzymes and their inhibitors is needed to maintain proper function of neutrophils, macrophages, and mesenchymal cells. The uPA system is one of the components that act on neutrophils and macrophages to facilitate the interaction between cells and matrix. [21] [22] A critical innate defense role for the uPA/uPAR/PAI-1 system has recently been described in murine models of acute pulmonary infection as well as in the pathogenesis of interstitial lung diseases. [23] [24] [25] [26] The role of this system in human chronic airway inflammatory lung diseases is just emerging. 26 -27 CF, COPD, and asthma are chronic airway diseases with different causes that share some features in pathologic changes and clinical syndrome. In these diseases, there is chronic mucosal and airway inflammation with distinct pathophysiologic features in each but a common increase in the infiltration of neutrophils and a variety of inflammatory mediators including interleukin (IL)-8. The pathologic processes in these diseases all seem to involve progressive inflammatory responses with elements of tissue remodeling, airway obstruction, and reduction in expiratory flow rates. In the present study, we determined and compared the levels and sources of uPA/uPAR/PAI-1, CAP18, and several cytokines (IL-8, tumor necrosis factor [TNF]-␣, interferon [IFN]-␥, and IL-10) in induced sputum of CF, COPD, and asthma patients, and healthy control subjects to see if differing local inflammatory patterns can be discerned noninvasively and related to airflow obstruction as measured by expiratory flow rates.
Materials and Methods

Subjects
We recruited 28 patients with CF (age, 12 to 50 years) followed up at the CF Center clinic at Stanford University Medical Center. CF diagnoses in all patients were made by positive (Ͼ 60 mEq/L) pilocarpine iontophoresis sweat test results, with homozygous or compound heterozygous for ⌬F508 CF transmembrane conductance regulator mutations. All patients had chronic infection with Pseudomonas aeruginosa by serial sputum culture and were in stable clinical condition (no pulmonary exacerbation within previous month). CF patients were also excluded for FEV 1 values Ͻ 40% predicted, oxyhemoglobin saturation Ͻ 92% on room air, pneumothorax, hemoptysis, or history of Burkholderia cepacia in sputum. None were receiving regular inhaled or systemic corticosteroids. Seventy-four patients (age 38 to 79 years) with previously diagnosed COPD were recruited from the Respiratory Clinic of the Hospital of Shandong Medical University, Peoples Republic of China. All were in stable condition and not receiving antibiotics for at least 2 weeks prior to testing. Thirty-four patients with asthma (age, 14 to 75 years) followed up in Shandong were also studied. Finally 44 healthy nonsmoking subjects without reported respiratory symptoms (age, 20 to 60 years; 20 patients at Stanford and 24 patients at Shandong) were also studied. All participants gave written informed consent with protocols approved by the Institutional Review Boards at Stanford and Shandong.
Pulmonary Function
Pulmonary function tests were performed according to American Thoracic Society guidelines for performance and acceptance prior to sputum induction.
Sputum Induction and Processing
Sputum was collected from each patient as previously described using 3% hypertonic saline solution (at Stanford) or 3.5% hypertonic saline solution (at Shandong) via an ultrasonic nebulizer with 2-min collections of sputum, which were pooled for analysis. 28 -29 All subjects underwent sputum induction regardless of history of ability to expectorate. Subjects were encouraged to cough, and sputum was collected into polypropylene cups. The induced-sputum samples were weighed, and an equal volume of Sputolysin (Calbiochem-Novabiochem; San Diego CA) diluted 10% in normal saline solution was added. Samples were vortexed 3 seconds and incubated for 5 min at 37°C in a water bath with vigorous shaking (160 rotations per minute). Samples were further mixed by aspirating up and down 20 times in a transfer pipette. Five-minute incubations were then repeated two more times. Finally, the samples were centrifuged at 2,000 revolutions per minute (800g) for 5 min at 4°C, and the sol phase was used for analysis.
Soluble Mediators of Innate Immunity
Human IL-8, IL-10, IFN-␥, TNF-␣, CAP18, uPA, uPAR, and PAI-1 levels in the supernatant sol phase of sputum were determined by enzyme-linked immunosorbent assay (ELISA) using a standardized format. TNF-␣: For TNF-␣, the capture antibody was mouse antihuman TNF-␣ (Part 840119; R&D Systems) diluted to 4 g/mL, the detection antibody was biotinylated goat anti-human TNF-␣ (Part 840120; R&D Systems) diluted to 300 ng/mL, the detector was horseradish peroxidase-streptavidin (Part 89080; R&D Systems) diluted to 1:200, and the standard was recombinant human TNF-␣ (Part 840121; R&D Systems) diluted to 2,000, 1,000, 500, 250, 125, 62.5, 31.25, and 16 pg/mL.
uPA, PAI-1, and uPAR: For uPA, PAI-1, and uPAR, ELISA kits (Imubind; American Diagnostics; Greenwich, CT) were used according to the instructions of the manufacturer (Catalog Nos. 894, 821, and 893, respectively).
CAP18: For CAP18, the capture antibody was rabbit polyclonal antibody to human lipopolysaccharide-binding domain of CAP18 diluted to 1:200; the detection antibody was a mouse IgG1 monoclonal antibody to CAP18 diluted to 1:1000; the detector was horseradish peroxidase-conjugated goat anti-mouse IgG (Catalog No. 115-367-5296; Jackson Immuno Research Lab Inc.; West Grove, PA) diluted 1:2500; and the standard was a synthetic 27 amino acid peptide fragment of CAP18 (amino acids 109 -135) diluted to 5,000, 2,500, 1,250, 625, 312.5, 156, 78, 39, and 20 ng/mL. The capture antibody, detection antibody and standard were obtained from Dr. Yoshikazu Naiki and Teruo Kirikae, Japan. In a pilot study, the same CAP18 ELISA was used to measure CAP18 levels in serum, BAL fluid, and expectorated sputum of patients with CF (see "Results").
Immunhistochemistry of Induced-Sputum Cells
Adherence of Sputum Cells to Glass Slides: After removal of the supernatant of centrifuged sputum samples, cell pellets were each suspended in 20 mL of PBS (P-4417; Sigma Chemical) and centrifuged at 1,200 revolutions per min for 10 min. After removal of the supernatant, the cell pellet was resuspended in 1% BSA (A-2153; Sigma Chemical)-PBS. Dead cells were excluded by Trypan Blue (T-9520; Sigma Chemical) cell count. Cells were diluted to approximately 2.5 ϫ 10 5 in 1% BSA-PBS. Following cytocentrifuge (700 revolutions per minute for 5 min) 100 L of cell suspension per slide were air dried and freezer stored at -20°C.
Staining: Frozen slides were thawed at room temperature. Cells were fixed by incubating slides in 4% formaldehyde (Catalog No. 16220; Electron Microscopy Sciences; Fort Washington PA)-PBS for 15 min at room temperature to fix cells. After three washes in PBS, slides were incubated in 1% H 2 O 2 (H-1009; Sigma Chemical)-PBS 10 min at room temperature, washed three times in PBS, and stained. Slides were permeabilized by incubation with 0.5% saponin (S-2149; Sigma Chemical)-PBS for 10 min at room temperature. Slides were then washed thrice with PBS-0.05% Tween 20 -0.01% Thimerosal (T-5125; Sigma). Once the cells were permeabilized, the same buffer was used after this step. According to the protocol of the Vectastain Elite ABC kit (Catalog No. PK-6102; Vector Laboratories; Burlingame, CA), slides were incubated for 20 min at room temperature in blocking solution (5% horse serum-PBS for uPAR, PAI-1, CAP18, IL-8 CD14, and cytokeratin; 5% goat serum for CD15) and washed thrice with PBS. 
Flow Cytometry
Five ϫ 10 5 Sputolysin-treated (Calbiochem Corporation; San Diego, CA), PBS-washed sputum cells were added to each assay tube, incubated in 5% BSA-PBS for 10 min at room temperature to block nonspecific binding, washed once in PBS, fixed in 4% formaldehyde-PBS for 15 min at room temperature, and washed once with PBS. The cell samples were permeabilized in 0.5% saponin-PBS for 10 min at room temperature and washed once in 0.1% saponon-0.5% BSA-PBS. Monoclonal anti-human IL-8, uPAR, PAI-1, and CAP18 antibodies, and mouse IgG1, G2a, and G2b isotype control antibodies were labeled with fluorescein isothiocyanate (FITC) according to the zenon complex formation protocol (Zenon Alexa Fluor 488 mouse IgG1, IgG2a and IgG2b labeling kits, Catalog Nos. Z-25002, Z-25202, and Z-250102; Molecular Probes; Eugene, OR). Phycoerythrin (PE) labeled anti-human CD14, CD15, and cytokeratin were obtained from BD Pharmingen (Catalog Nos. 555398, 555402, and 347204, respectively). FITC-and PE-labeled anti-human antibodies (IL-8/FITC, uPAR/FITC, PAI-1/FITC, CAP18/FITC, CD15/PE, CD14/PE, and CK/PE) were added to respective tube with 1% mouse serum (Sigma Chemical), to reduce nonspecific staining. Mouse IgG1, IgG2a, IgG2b (Southern Biotech; Birmingham, AL), and IgM (Catalog No. 555584; BD Pharmingen) isotypematched controls were included in each experiment. Tubes were incubated for 30 min at room temperature in the dark with slowing mixing followed by one wash with PBS and resuspension of the pellet in 300 L of 1% formaldehyde. Samples were analyzed using a flow cytometer (FACSCalibur E3139; Becton Dickinson; Franklin Lakes, NJ).
Statistical Analysis
Data are expressed as mean Ϯ SE unless otherwise indicated. Statistical comparisons were made using Student t test for unpaired two-group samples, analysis of variance for multiple group comparisons, and Pearson correlation coefficient. Twotailed tests were performed, and a p value of Ͻ 0.05 was considered significant.
Results
Subject Groups
The CF patients (17 women and 11 men) were generally young adults (mean Ϯ SD age, 23.7 Ϯ 11.1 years) with well-preserved pulmonary function (mean Ϯ SD FEV 1 , 74.0 Ϯ 17.4% predicted). The patients with COPD (24 women and 50 men) were, as expected, older (59.2 Ϯ 9.9 years) with generally greater airflow obstruction (FEV 1 , 54.6 Ϯ 13.7% predicted). The patients with asthma (19 women and 15 men) were intermediate between these other groups in age (47.4 Ϯ 13.9 years) and airflow obstruction (FEV 1 , 65.9 Ϯ 13.0% predicted). All but two patients with asthma were receiving regular bronchodilator medication (␤ 2 -adrenergic aerosols and/or theophylline), while only seven patients were receiving regular inhaled corticosteroids.
CAP18 in Serum, BAL Fluid, and Sputum
To study the biology of CAP18 in CF, in a pilot study we first measured serum CAP18 levels by ELISA in patients with CF in stable condition (n ϭ 15) and compared these to samples obtained from CF patients on admission to hospital for treatment of pulmonary exacerbation (n ϭ 15) and 15 healthy adult control subjects. The ELISA showed linear parallelism in the range of 3 to 3,000 ng/mL with interassay coefficient of variation Ͻ 15%. Levels of CAP18 were similar in the three subject groups (stable CF, 966 Ϯ 980 ng/mL; exacerbation CF, 1,137 Ϯ 685 ng/mL; and control, 1,012 Ϯ 648 ng/ mL). We next compared CAP18 levels in BAL fluid of 23 patients with CF and 12 control subjects. CF patients had significantly higher levels of BAL fluid CAP18 than control subjects (189.7 Ϯ 18.7 ng/mL vs www.chestjournal.org CHEST / 128 / 4 / OCTOBER, 2005 120.7 Ϯ 24.7 ng/mL, p ϭ 0.036, by two-sided unpaired t test). As this suggested increased local production and/or reduced metabolism within the pulmonary compartment of inflamed CF airways, we proceeded to measure CAP18 levels in expectorated sputum of 30 patients with CF. Expectorated CF sputum levels (177.4 Ϯ 14.7 ng/mL) were quite similar those in BAL, suggesting that sputum is an easily accessible and representative sample of airway secretions for measurement of CAP18 levels. In order to obtain sputum samples from CF patients with mild disease severity and little or no sputum productivity (including nonexpectorators), we then proceeded to study CAP18 levels in induced-sputum samples using a validated standardized methodology. All nonexpectorators were able to produce adequate sputum for analysis after induction. CF patients were compared to patients with COPD, patients with asthma, and healthy control subjects. CF and COPD patients had comparable levels (79.6 Ϯ 93 ng/mL vs 75.3 Ϯ 38.9 ng/mL, respectively) and significantly elevated levels of sputum CAP18 when compared to control subjects (39.9 Ϯ 24.2 ng/mL, p Ͻ 0.009 for either group vs control), while asthmatics had significantly reduced CAP18 levels (13.6 Ϯ 9.8 ng/mL) compared to control subjects (p Ͻ 0.0001) or patients with CF or COPD (p Ͻ 0.0001) [ Table 1 ].
Cytokines and Plasmin Activation Component Levels in Induced Sputum of CF, COPD, and Asthma Patients, and Control Subjects
To see if this pattern was similar to other innate defense factors, we compared levels of IL-8, IL-10, INF-␥, TNF-␣, uPA, uPAR, and PAI-1 in these subjects. As also shown in Table 1 , levels of sputum IL-8 were significantly higher in patients with CF than in patients with COPD or asthma (p Ͻ 0.001 for each) or control subjects (p Ͻ 0.0001); COPD and asthma patients also had higher IL-8 levels than control subjects (p Ͻ 0.05). IL-10 levels were also higher in the CF patients than patients with COPD or asthma, or control subjects (p Ͻ 0.05), without differences noted between the latter three groups. TNF-␣ levels showed a similar pattern as IL-10 with elevation in patients with CF compared to patients with COPD or asthma, or control subjects (p Ͻ 0.001). INF-␥ levels were similar among all four groups. uPA levels were similar among the four groups. In contrast, uPAR levels were elevated and similar in patients with CF and COPD compared to patients with asthma and control subjects (p Ͻ 0.001 for each); uPAR levels were also higher in asthma than controls (p Ͻ 0.05). PAI-1 levels were comparably elevated in patients with CF, COPD, and asthma, compared to control subjects (p Ͻ 0.05; Table 1 ).
Neutrophil Origin of Sputum CAP18, IL-8, and PAI-1
In order to examine the cellular sources of these sputum substances in patients with CF, we examined cells obtained from induced-sputum samples by immunohistochemical staining and independently by flow cytometry. Most sputum cells were either intact or more commonly degenerated polymorphonuclear neutrophils with variable mucus component and occasional other cell types such as monocytes, macrophages, eosinophils, or squamous epithelial cells; ciliated epithelial cells were not seen (Fig 1, top) . CAP18 heavily stained the cytoplasmic granules of these neutrophils (Fig 1, center and bottom) , suggesting that a major source of sputum CAP18 was infiltrating neutrophils. CAP18 is known to be localized to secondary or specific neutrophil granules. Using flow cytometry, CAP18 expression was markedly increased in airway cells that coexpressed CD15 (3-fucosyl-N-acetyl-lactosamine), which is present in the intracellular secondary granules of neutrophils, confirming the importance of neutrophil specific granules as a major source of airway CAP18 in CF (Fig 2) . Another neutrophil product important in CF pathobiology, IL-8, was also identified by flow cytometry in sputum cells that expressed CD15 (Fig 3) . Similarly, PAI-1 was found, albeit at lower levels of expression, in CD15ϩ sputum cells (Fig 4) .
Sputum levels of innate immune factors were correlated with each other in order to examine potential relationships in production or regulation. As shown in Table 2 , levels of the three plasmin activation system components correlated with each other (p Ͻ 0.0001) but also with several cytokine responses (eg, uPAR and uPA with IL-8, p Ͻ 0.0001; uPAR and uPA with TNF-␣, p Յ 0.002; and uPAR with IL-10, p ϭ 0.006). In addition, uPAR was weakly correlated with CAP18 (p ϭ 0.01). Among cytokines, IL-8 levels correlated with TNF-␣ and IL-10 (p Ͻ 0.0001), and IL-10 with IFN-␥ (p ϭ 0.001). CAP18 levels were correlated not only weakly with uPAR but also weakly with IL-8 (p ϭ 0.04) and strongly with IL-10 (p Ͻ 0.0001).
To examine the potential role of these factors in disease activity or progression, innate immune factors were correlated with level of pulmonary function as determined by spirometric assessment of airflow obstruction (Table 2) . Among all study subjects, FEV 1 percentage of predicted showed a strong negative correlation with sputum CAP18 and PAI-1 levels (p Յ 0.0009) and a weak negative correlation with uPAR levels (p ϭ 0.01; Table 2 ). The overall negative correlation between pulmonary function and CAP18 was due primarily to results in patients with CF (r ϭ Ϫ 0.40, p ϭ 0.06) and to a slightly lesser extent COPD (r ϭ Ϫ 0.19, p ϭ 0.11). A similar negative correlation trend was seen between FEV 1 percentage of predicted and IL-8 in patients with CF (r ϭ Ϫ 0.39, p ϭ 0.056) and patients with COPD (r ϭ Ϫ 0.21, p ϭ 0.08). However, when innate factors were correlated with each other in patients with CF, CAP18 and IL-8 did not correlate with each other; instead, CAP18 levels correlated strongly with IL-10 (r ϭ 0.78, p ϭ 0.001) and IFN-␥ (r ϭ 0.59, p ϭ 0.002), suggesting that elevated CAP18 levels in CF may represent a counterinflammatory response along with IL-10 and IFN-␥ (IL-10 correlated strongly with IFN-␥, r ϭ 0.58, p ϭ 0.001). In contrast, levels of IL-8, a known proinflammatory factor in CF and COPD that we confirmed correlated negatively with pulmonary function (see above), correlated strongly with levels of uPAR (r ϭ 0.59, p ϭ 0.002), PAI-1 (r ϭ 0.5, p ϭ 0.009), and TNF-␣ (r ϭ 0.5, p ϭ 0.007). TNF-␣ correlated strongly with uPA (r ϭ 0.65, p ϭ 0.0004).
Discussion
Research 1-2,30 -31 has focused on the role of deranged aspects of innate immunity in the pathobiol- 
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Clinical Investigations ogy of chronic inflammatory airways diseases such as CF, asthma, and COPD. In the present study, we were interested in aspects of the innate immune response in CF, in particular the following: (1) the role of the uPA system and the antimicrobial cathelicidin CAP18 that have not received much attention, and (2) how any abnormalities in CF compared to COPD and asthma as well as healthy persons. In order to study this local response noninvasively, we employed a standardized, validated sputum-induction protocol. 29 The pulmonary plasminogen activator system involves multiple components including uPA, uPAR, and PAI-1. A saturable, specific binding of uPA to uPAR has been demonstrated in a number of cell types including monocytes, macrophages, mast cells, lymphocytes, fibroblasts, endothelial cells, and pulmonary airway epithelial cells. [32] [33] Mature uPAR lacks the hydrophobic transmembrane and intracellular domains. Instead, a glycosylphosphatidylinositol moiety is added to the C-terminus providing the anchorage to the outer leaflet of the plasma membrane. Soluble uPAR has been isolated from normal and diseased plasma. By interacting with cell surface adapter molecules and extracellular proteins, uPAR acts beyond the traditional role of localizing and activating cell surface uPA and extends its effects to cellular adhesion and signal transduction. 32 The expression of uPAR is enhanced in various tumors and by a number of proinflammatory agents such as growth factors and cytokines. 32, 34 Intraperitoneal injection of endotoxin to mice increased the expression of uPAR in many tissues. 35 Both membrane and soluble forms of uPAR were up-regulated in monocyte cultures by several bacterial surface proteins. 34 There is thus reason to suspect that chronic airways infection, such as seen in CF and COPD, may up-regulate uPAR, and indeed we found increased levels in sputum in CF and COPD, and to lesser degree in asthma, compared to normal. Interestingly, local uPA itself does not appear to be elevated in any of the disease groups, but its effects could be augmented by the up-regulated receptor levels seen. PAI-1, a serine protease inhibitor belonging to the serpin family, is a single-chain 45-to 50-kd glycoprotein secreted by many cell types. 36 -37 It binds to uPA to modulate the activity of uPA beyond plasmin activation to involve cell adhesion and tissue remodeling. PAI-1 may be inactivated by binding to uPA or forming complexes with uPA and uPAR that are internalized and digested in lysosomes. PAI-1 is secreted by many cell lines, and its expression can be regulated by hormones, growth factors, cytokines, and endotoxin in cell cultures. 37 Depending on the presence of specific regulatory agents, the expression of PAI-1 can either be enhanced or reduced. We found comparably increased levels of PAI-1 in all three chronic inflammatory airways diseases studied (Table 3 ). Marshall and Shute 38 reported quantitatively similar elevations of PAI-1 in CF sputum (mean, 5.7 ng/mL vs 1.0 ng/mL in control subjects, as compared with our mean of 3.8 ng/mL vs 0.6 ng/mL). During the inflammatory processes, autocrine and paracrine chemokine and cytokine secretion by neutrophils, monocytes, lymphocytes, and airway epithelial cells is enhanced. This may result in increased PAI-1 in sputum by different paths in these diseases.
Increases of the neutrophil chemotactic cytokine IL-8 level in airways of CF and COPD patients have been previously reported and related to pathogenesis. 4 ,28,39 IL-8 is produced by a variety of cells including neutrophils, monocytes, T-cells, and endothelial and airway epithelial cells. 39 -42 IL-8 and uPAR both are chemotactic with monocyte and airway epithelial cell expression induced by bacterial products. 34, 43 The interaction between leukocytes and endothelial cells is regulated by IL-8 via changes in integrin expression that also involve uPAR. 44 -47 Therefore, integrins are potential mediators connecting the functions of IL-8 and uPAR (sputum levels of which we found to be highly correlated). Marshall et al 48 have also related IL-8 activity to PAI-1 by demonstrating that PAI-1 enhances IL-8 activity via inhibition of shedding IL-8/heparan sulfate/syndacan-1 complexes from endothelium. Indeed, IL-8 levels were highly correlated in our study not only with uPAR but also with PAI-1, suggesting a coordinate response in these diseases. The plasminogen activator system may play a prominent role in sustaining airway inflammation by increasing ␤ 2 -integrin-mediated leukocyte adhesion and also leukocyte adhesion to extracellular matrix vitronectin. 49 -51 With regard to cathelicidin CAP18, we found comparably elevated levels in CF and COPD patients and subnormal levels in asthmatics. These differences were due to local production, as systemic CAP18 levels in CF patients and control subjects were similar to each other and previously reported plasma levels (approximately 1 g/mL). 52 CAP18 levels inversely correlated with pulmonary function, a relationship seen most strongly in CF patients but also in COPD. These changes have not been previously reported, although recently Chen et al 53 found increased CAP18 in BAL fluid from patients with CF; CAP18 levels correlated with neutrophilia and decreased lung function. Under normal conditions, CAP18 is secreted by airway epithelial cells and alveolar macrophages, but in conditions of neutrophilia this cell type would be expected to be the dominant source, as we found. The antimicrobial characteristics of CAP18 are related to its ␣-helical structure; positive ions, pH, and its own concentration affect the structure and change its antimicrobial activity. 54 It is unknown how changes in pH, ion concentration, sputum viscosity, and other factors in patients with chronic airways disease may affect the bioactivity of CAP18. We found that increases in CAP18 correlated with IL-10 and IFN-␥ rather than IL-8 or TNF-␣ levels in CF, suggesting a possibly compensatory antiinflammatory rather than proinflammatory role. However, high concentrations of CAP18 may be cytotoxic to eukaryotic cells, and a deleterious effect certainly cannot be excluded. 54 Sputum levels of PAI-1 also correlated negatively with pulmonary function. This suggests a relationship between PAI-1 and the degree of inflammation and tissue remodeling. PAI-1 binds uPA/uPAR, forming uPA/uPAR/PAI-1 complexes that are internalized across the cell membrane together with low-density lipoprotein receptor-related protein and degraded in the lysosome. uPAR is recycled to the cell membrane. PAI-1 thus not only controls the proteolytic activity of uPA but also modulates the number of uPAR on the cell surface. 15, 55 The parallel increase of PAI-1 with uPAR suggests a finely tuned proteolytic balance is critical in the airway plasminogen activator system. 56 The dissolution and remodeling of extracellular matrix depends on a tightly controlled dynamic that maintains a proper balance between uPA/uPAR and PAI-1. 57 The increase in the PAI-1 may be homeostatic for the proproteolytic activity of increased uPAR.
In conclusion, comparison of CF to COPD and asthma as well as normal control subjects revealed interesting differences in innate immune factor levels. CAP18 is elevated in mild CF as well as COPD and inversely related to lung function, but correlation to IL-10 and IFN-␥ suggests it may homeostatic rather than proinflammatory. The low levels of CAP18 in asthma are unexpected, perhaps reflecting the eosinophilic character of asthmatic inflammation or metabolic differences. Elevations of IL-8 in CF and COPD confirm prior studies, while levels of IL-10 have been variously reported to be low, normal, or elevated. TNF-␣ is only modestly increased in CF sputum, and IFN-␥ levels are normal. CF and COPD, as noted above, share a common elevation of uPAR that is greater than that seen in asthma, while all three diseases show comparable increases in PAI-1. Neutrophils seem to be a prominent source of CAP18, IL-8, and PAI-1 in these diseases, These differing patterns allow may allow disease differentiation from a pathobiologic perspective and offer avenues for further research on pathogenetic pathways. For example, the striking differences observed in sputum CAP18 (elevated in CF and COPD, depressed in asthma) suggest further studies on the role of cathelicidins in specific forms of airway inflammation. The practical implications of such studies will likely emerge only after considerably more investigation.
